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Electron imaging of biological samples stained with heavy
metals has enabled visualization of subcellular structures critical
in chemical-, structural-, and neuro-biology. In particular,
osmium tetroxide (OsO4) has been widely adopted for selective
lipid imaging. Despite the ubiquity of its use, the osmium
speciation in lipid membranes and the process for contrast
generation in electron microscopy (EM) have continued to be
open questions, limiting efforts to improve staining protocols
and therefore high-resolution nanoscale imaging of biological
samples. Following our recent success using photoemission
electron microscopy (PEEM) to image mouse brain tissues with
synaptic resolution, we have used PEEM to determine the
nanoscale electronic structure of Os-stained biological samples.

Os(IV), in the form of OsO2, generates nanoaggregates in lipid
membranes, leading to a strong spatial variation in the
electronic structure and electron density of states. OsO2 has a
metallic electronic structure that drastically increases the
electron density of states near the Fermi level. Depositing
metallic OsO2 in lipid membranes allows for strongly enhanced
EM signals and conductivity of biological materials. The
identification of the chemical species and understanding of the
membrane contrast mechanism of Os-stained biological speci-
mens provides a new opportunity for the development of
staining protocols for high-resolution, high-contrast EM imag-
ing.

Introduction

Osmium tetroxide (OsO4) has been extensively used for
enhancing membrane contrast in electron microscopy (EM) for
the last several decades due to its lipid-selective chemical
reactivity.[1–8] Conventional understanding of the mechanism of
Os contrast generally focuses on the identity of Os as a “heavy
metal”, with a high atomic number.[9] However, the oxidation
state and bonding of osmium in lipid membranes, and the

reactions occurring during the staining process are surprisingly
unknown. This has left puzzling questions for the broad
community that uses OsO4 chemistry for electron microscopy,
such as why osmium staining improves the conductivity of
biological samples and facilitates EM imaging without severe
charging problems. The question of the chemical identity and
formation mechanism of osmium compounds in lipid mem-
branes has also hampered efforts to modify staining protocols
of biological materials for EM to improve chemical uptake in
large tissue samples, improve image contrast, or develop
chemistries that don’t require highly toxic osmium tetroxide.
Reaction development has relied on exhaustive search rather
than rational design.

Historically, the biological literature suggested that osmate
esters are formed in the tails of unsaturated fatty acids in lipid
membranes, as facilitated by the well-understood reaction of
OsO4 with alkenes.

[10] The Os nuclei of the osmate esters present
in regions with high lipid concentrations were suggested to be
the source of improved electron scattering in SEM and TEM.[1]

More recently, research on improving the staining of whole
brain samples hypothesized the osmium species responsible for
EM contrast is osmium(IV) (OsO2), rather than the previously
proposed osmium(VIII). Upon staining, the biological material
underwent an observable color change in an ex situ model
experiment, suggestive of the formation of Os(IV).[4] However,
the presence of OsO2 was not confirmed, and it was unclear
how OsO2 would impact the SEM contrast. X-ray photoelectron
spectroscopy (XPS) of stained specimens showed the presence
of a mixture of low Os oxidation states, but lacked the spatial
resolution needed to determine the locations of different Os
oxidation states.[11] Therefore, it is of vital importance to
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determine the local electronic structure of Os-stained biological
materials on the nanoscale and unravel the reaction scheme of
the osmium staining process.

We have recently demonstrated wide-field imaging of ultra-
thin brain slices (UTBS) stained with OsO4 and K4Fe(CN)6 with
synaptic resolution using photoemission electron microscopy
(PEEM).[12] PEEM is based on the photoelectric effect where a
photon with energy greater than the work function of a
material causes the emission of electrons with a spatial
distribution that is magnified and mapped to a detector via
electron lenses, as shown in Figure 1(a). PEEM probes the local
electronic structure of imaged materials and has illustrated the
potential for detailed surface mapping of biological materials at
a submicrometer resolution.[13–17] Therefore, this technique
facilitates identification of the electronic structure of osmium
compounds used in biological staining, shedding light on how
and why osmium staining improves sample conductivity and
image contrast in electron microscopy.

In this paper, we show that biological materials stained with
OsO4 and K4Fe(CN)6 form OsO2 nanoaggregates in the lipid
membranes. OsO2 behaves like a metal, possessing a high
electron density of states (DOS) that crosses the Fermi level,
and provides the needed conductivity and electron DOS for
successful PEEM imaging of biological tissues. We propose a full
mechanistic picture leading to OsO2 formation, discuss possibil-
ities for a likely slow step, and pinpoint specific routes for
contrast improvement. As the speciation of osmium also plays
an important role in the contrast and conductivity of samples
for SEM and TEM that share the same staining protocol, the
mechanism of Os staining and image contrast described here is
equally critical for improving image quality of biological
materials in the broader EM field.

Results and Discussion

Energy-Resolved PEEM Imaging

Figure 1(b) shows a PEEM image of a UTBS on a Au/n-SiO2/Si
substrate. Photoelectrons are emitted from the UTBS via a one-
photon photoemission process using a broadband Hg arc lamp
that generates ultra-violet (UV) photons. Brighter regions of
Figure 1(b) indicate more photoemissive components whereas
darker regions are biomaterials that have low photoemission
yield. Based on comparison to SEM images of similar samples,
the bright outlines depict neuron or organelle membranes that
selectively bind osmium. The darker background consists of
unstained regions of biological tissues, such as cytoplasm, that
do not contain lipid bilayers. More specifically, the inset of
Figure 1(b) is the zoom-in of the red box. The shaded region is
the cross-section of a neural dendrite, and the bright solid spot
within the cytoplasm is a mitochondrion. The difference in
signal intensities allows us to visually distinguish the ultra-
structure of biological material with subcellular resolution, and
the features are comparable to what has been previously
collected using SEM.[18]

The contrast observed in PEEM is due to stained and non-
stained regions generating different intensities of photoelec-
trons. To understand why photoemission intensity varies
spatially in the brain tissue, we performed energy-resolved
PEEM to measure the local electronic structure of the UTBS. We
used a high-pass energy filter to incrementally cut out photo-
electrons with kinetic energy lower than an energy threshold
and obtained a series of PEEM images at the same sample
position. The photoemission intensity of an ROI is extracted as a
function of photoelectron energy with respect to the Fermi
level of the analyzer (E� EF), and we compute the energy
distribution of the photoelectrons by performing a numerical

Figure 1. (a) A schematic of PEEM. An ultra-thin brain slice (UTBS) is placed on a gold-coated Si substrate, illuminated by a Hg lamp ultra-violet (UV)
continuous-wave (CW) light source. (b) A representative PEEM image of mouse brain tissue. The bright contours indicate the cell membranes stained with
osmium, and the dark features are the unstained cytoplasm. Ultrastructure can be clearly revealed, such as the neural dendrite and the mitochondrion in the
shaded area in the inset. (c) Energy diagram of photoemission process, where electrons in occupied states below the Fermi level (EF) are photoexcited with UV
light of photon energy hν to final states (Efin) above the vacuum level (Evac) with kinetic energy EKE. The work function, Φ, is the energy difference between EF
and Evac. The inset shows a schematic of the obtained photoemission spectrum from the accessible density of states (DOS) as a function of the kinetic energy
of photoelectrons.
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differentiation of the energy-resolved images (see Supporting
Information, Energy-dependent PEEM imaging, for details). The
low energy edge of this distribution, termed the secondary
edge in the photoemission spectroscopy literature, can be used
to determine the work function (F) of the material.[19,20] This
value is the energy difference between the vacuum level and
the Fermi level (F=Evac� EF), as depicted in the energy diagram
in Figure 1(c).

Figure 2(a, inset) shows three ROIs of varying signal
intensities and their corresponding photoemission spectra. All
three curves have been normalized to the peak intensities and
offset vertically for clarity. Despite variation in the total photo-
emission counts, the three ROIs display almost identical photo-
emission spectra. We estimated the relative values of the work
function (DF) of each region by shifting the energy axis with
respect to the secondary edge of the top spectrum (D(E� EF)).
The relative work function was found by fitting each photo-
emission spectrum with an exponentially modified Gaussian
function and looking for the energy cutoff corresponding to
half of the maximum magnitude (see more details on data
processing in the Supporting Information, Fitting of photo-
emission spectra). The dashed line in Figure 2(a) marks the
secondary edges of the three spectra. As DFbright ¼ 0, the
relative work functions for the gray and dark regions are
0.011 eV and 0.0213 eV, respectively, which are smaller than
�0.05 eV (instrument resolution). This result indicates that there
is no measurable work function variation across the sample
even with the existence of heavy metal stains. Therefore, the
image contrast that is observed with UTBS in PEEM cannot be
due to sample work function variation, but must be due to a
variation in the sample electronic structure.

The high energy sides of the photoemission spectra in
Figure 2(a) are virtually identical within the energy resolution.
No additional peaks can be identified in the spectra from the

bright ROI, which would indicate distinctive electronic states in
this region. The similarity in spectra makes it unlikely that there
is a difference in contrast-generating chemical species across
the sample. It is instead more likely that there exists a
concentration gradient of a singular chemical species, resulting
in variation in photoemission intensities as a function of space.
As shown schematically in Figure 2(b), biological tissues, such
as unstained cytoplasm, are typically considered to be insulat-
ing materials. For example, proteins commonly have optical
absorption around 4.43 eV (280 nm),[21] and have a high
ionization energy.[22] Therefore, the photon source used in this
work can not photoemit efficiently from the occupied electronic
states of pure biological tissues, resulting in low photoemission
intensities. Similarly OsO4 and Os(VIII) compounds are also
insulators with large HOMO–LUMO gaps of 3.52 eV
(�352 nm)[23] and large ionization potentials,[24] resulting in low
photoemission yield. However, OsO2 is known to have metallic
properties,[25–27] providing OsO2 with the requisite electronic
structure for high photoemission yield.

Elemental Characterizations of Osmium Species

Similar to its well-studied Group 8 analog RuO2, OsO2 tends to
form metal oxide aggregates.[25,27,28] Figure 3(a) shows a high-
angle annular dark-field transmission electron microscopy
(HAADF-STEM) image of UTBS on a TEM grid, where the bright
contrast corresponds to atomic columns containing elements
with high atomic numbers. Bright contrast in the HAADF image
shows aggregates clustering along cell membranes. Energy
dispersive spectroscopy (EDS) mapping of the same ROI
(Figure 3(b)) shows that the bright aggregates are osmium-rich,
confirming that osmium has indeed been deposited specifically
in the lipid membranes. Figure 3(c) shows the corresponding

Figure 2. (a) Photoemission spectra of bright, gray and dark ROIs (corresponding different blue shades) shown in the inset. Dashed lines indicate work
function relative to the secondary edge of the top spectrum (corresponds to the brightest region). The scale bar is 2 μm. (b) Energy diagrams comparing
electron densities of osmium(IV) near the Fermi level with HOMO-LUMO gaps of Os(VIII) and biological tissues. Lipid membranes of cells and organelles such
as mitochondria efficiently bind to osmium, generating stronger signals in EM images, whereas unstained regions such as cytoplasm generally yield low EM
intensity.
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EDS spectrum. Characteristic peaks of osmium M and Lα lines at
1.91 keV and 8.91 keV, respectively, can be clearly observed,
and oxygen Kα signal is also confirmed at 0.53 keV. The average
elemental ratio of Os :O from the Os-rich areas is calculated to
be between 1 :2 to 1 :3, corroborating OsO2 as the main osmium
species. It is important to note that O signal is also detected in

background areas where there is limited contrast from the
bright clusters, indicating the likely overestimation of O
composition in Os� O compounds. Furthermore, electron energy
loss spectroscopy (EELS) was used to additionally verify the
existence of both Os and O (see more discussion in the
Supporting Information, EELS measurements). The combination
of the EDS and EELS results indicates that Os most likely takes
the valence state of IV, despite that some mixture of higher and
lower states of osmium persists.[11,29]

Chemical Reactions for OsO2 Formation

Hua et al. studied the formation of OsO2 in tissue stains using
color comparisons in a test tube experiment. From this result,
they proposed a simple reaction scheme that invited future
experiments to support the contributions of low-oxidation state
osmium in EM staining.[4] Here, having confirmed OsO2 and
Os(IV) compounds as primary chemical species that provide
PEEM contrast, we aim to deliver a more detailed and accessible
description of the staining mechanism.

Buffered OsO4 is introduced to biological tissue in its ionic
water-soluble form, [OsO4(OH)2]

2� , see Step 1 in Figure 4. To
ensure homogeneous staining across 100s μm-thick tissue
block, osmium compounds passively diffuse through various
layers of membranes to penetrate cells and organelles. This
process is facilitated by [OsO4(OH)2]

2� switching back and forth
with its non-polar lipophilic form OsO4.

[30,31] In this reaction,
Os(VIII) loses or gains two hydroxyl groups at the membrane-
cytoplasm interface, resulting in an even distribution of Os(VIII)
in the cell lipid phase.

In the next step (Step 2), OsO4 selectively couples to specific
sites in the lipid membranes to form bound osmium. It is widely

Figure 3. (a) A high-angle annular dark-field transmission electron micro-
scopy (HAADF-STEM) image of an area with clear contrast of aggregates
along cell membranes. (b) Energy dispersive spectroscopy (EDS) map from
the Os Lα signal of the mapped area. (c) EDS spectrum of the elements
detected, where the grey band highlights the O K signal at 0.525 keV, and
green bands highlight Os M and Lα peaks at 1.91 keV and 8.91 keV,
respectively. Note that other elements were also detected in the spectrum,
but were disregarded for the purpose of the analysis.

Figure 4. Schematic illustration of the formation and deposition of OsO2 in the lipid membrane during the staining process.
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accepted that this process is realized via Sharpless dehydrox-
ylation, where C=C bonds in unsaturated fatty acids attack an
electropositive osmium center of the Os=O, resulting in the
formation of an intermediate cyclic osmate ester (Os(VI)).[11,29,32]

This ultimately leads to the reduction of Os(VIII) to Os(VI), as
verified previously by XPS measurements.[11]

The transiently generated Os(VI) in Step 2 can be accessed
through two different pathways, either via the migration of the
osmate ester to the hydrophilic head of the lipids for
spontaneous hydroxylation (Pathway I in Figure 4), or via
reduction, initiated by additive K4Fe(CN)6, producing water-
soluble [OsO2(OH)4]

2� in the aqueous phase (Pathway II). In
Pathway I, nearby water molecules or hydroxyl groups are
necessary to promote hydroxylation (Step 3), but their origin in
the lipid phase has not been well discussed in the literature. It
is known that water can passively diffuse across lipid mem-
branes to allow for osmotic equilibrium; this small population
of water may serve as a potential � OH source in the
membrane.[33] Additionally, it has been observed that osmium
can migrate towards the membrane-water interface, resulting in
a higher concentration of osmium complexes at the hydrophilic
heads.[11,34] This may be in part due to interfacial water
facilitating the ring-opening reaction. Finally, hydroxyl groups
in the phospholipids can also be utilized to form [OsO2(OH)4]

2� .
In the second pathway, Os(VIII) can be reduced via the

addition of a reducing agent, in this work, potassium
ferrocyanide (K4Fe(CN)6). [OsO4(OH)2]

2� is directly reduced out-
side the lipid bilayer to Os(VI) (Step 4) in parallel with the
spontaneous hydroxylation that occurs in Pathway I. This
reduction step circumvents the osmate ester formation
between the bilayer and greatly accelerates the generation of
Os(VI) in the aqueous phase.

Lastly, the formation of OsO2 occurs via a disproportionation
reaction of Os(VI) under biological pH conditions (buffer pH=

7.4).[11,35] Previous X-ray studies of model systems suggested the
presence of a dimeric Os(VI) crystal structure with a double oxo
bridge.[11,36] Herein, we assume that the same dioxo-bridged
osmium species is being formed (Step 5).[28] There are debates
regarding the possibility of a tri-osmium product emerging,
although this needs future experimental evidence.[28,37] The
osmium(VI) dimer is known to be unstable and undergoes
asymmetric Os� O bond cleavage. This results in the oxidation
of one Os(VI), regenerating Os(VIII), and the reduction of the
other Os(VI) center, finally forming [OsO2(OH)2]

2� in water
(Step 6).[38] The dehydroxylation of [OsO2(OH)2]

2� can readily
deposit the lipid-soluble OsO2 into the bilayer membranes as
aggregates (Step 7). The production of OsO2 contributes to the
primary contrast observed in EM images.

Our determination of the source of the contrast in the
reduced osmium staining protocol has implications beyond
PEEM. Other EM techniques that are commonly used for
biological imaging, such as SEM and TEM, adopt the same
staining method and will significantly benefit from the
proposed contrast mechanism. With the understanding of the
speciation of osmium, efforts can be made towards the
deposition of a higher concentration of OsO2 into the lipid
membranes. For example, the possibilities to initiate Pathway I

in Figure 4 suggest that finding new ways to introduce � OH in
proximity to membrane heads could potentially increase the
production of [OsO4(OH)2]

2� for the eventual generation of the
contrast relevant OsO2. Overall, the understanding of the
chemical identity of osmium staining promotes intentional
modifications for protocol development rather than improve-
ments based upon exhaustive search.

Conclusions

In summary, this work provides a detailed description of the
chemical species responsible for obtaining high-contrast images
of Os-stained ultra-thin brain slices in electron microscopy.
Nanoscale imaging of biological complexes using PEEM enables
us to characterize the spatially varying electronic structure of
stained UTBS. OsO2 nanoaggregates are formed in lipid
membranes and provide the needed conductivity and contrast
due to the metallic electronic structure of OsO2. We propose a
full and detailed scheme of the reactions and pathways
necessary for the formation of OsO2 in the lipid membranes.
The determination of the source of contrast, as well as the
relevant pathways for OsO2 generation suggested herein,
challenges the long-adopted understanding of Os-staining in
biological tissue. Our knowledge of the chemical origin of EM
contrast sets the foundation for modifying staining protocols by
intentionally engineering the electronic structure of chemical
and biological structures on the nanoscale, ultimately achieving
sensitive and selective visualization of nanoscale biological
components.

Experimental

Sample Preparations

Mouse brain sections were prepared for PEEM imaging following
the same protocol used for SEM[4] and for PEEM imaging in our
previous work using the “reduced osmium” staining protocol.[12]

Briefly, the mouse was perfused transcardially to preserve tissue
ultrastructure. The mouse brain was surgically removed and fixed,
and a vibratome sectioned brain slice (200–300 μm) was stained
with successive rounds of osmium tetroxide and potassium
ferrocyanide before ethanol dehydration and embedding with
EPON resin. Resin encapsulated brain was then sectioned using an
ultramicrotome to a 40–80 nm-thick UTBS which was picked up on
a Si substrate with native oxide (n-SiO2/Si) coated with 50 nm of
polycrystalline gold. The additional conductive layer was used to
prevent sample charging during photoemission.[39] Further details
of sample preparation can be found in the Supporting Information.

PEEM Imaging

The UTBS on the Au/n-SiO2/Si substrate were illuminated using a
broadband Hg arc lamp that generates UV continuous-wave (CW)
light. The lamp is mounted with a high-pass optical filter allowing
photons with energies greater than 4.43 eV (280 nm) to impinge on
the sample, and the highest photon energy is approximately 5.0 eV
(247 nm) (see full spectrum in Supporting Information Figure S4).
The resulting photoelectrons are imaged with a photoemission
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electron microscope manufactured by Focus GmbH. The PEEM
operates at ultra-high vacuum (base pressure �5×10� 11 mbar).
Photoexcited electrons are projected, via an electrostatic lens
system, onto a double micro-channel plate (MCP), converted to
visible light by a phosphor screen, and eventually imaged by a
CMOS camera. The typical exposure time for one image is
10 seconds. High-resolution images were obtained by averaging
the same regions of interest (ROI) to improve the signal-to-noise
ratio. The PEEM is equipped with a high-pass energy filter where
only photoelectrons with kinetic energies higher than a given
energy threshold can pass and be detected, enabling energy-
resolved PEEM images. The energy resolution of the instrument is
approximately 50 meV and scans were collected using 100 meV
steps.

STEM-EDS and EELS Measurements

Additional characterizations were done using scanning transmission
electron microscopy (STEM, JEOL ARM200-CF). The chemical
composition of the Os-stained regions were analyzed with energy
dispersive spectroscopy (EDS, Oxford XMAX100TLE) to determine
the Os :O ratio. A total exposure time of up to 15 minutes was used
during EDS measurements due to the thin nature of the specimens.
Electron energy-loss spectroscopy (EELS, post-columns Gatan
Continuum GIF ER spectrometer) measurements were conducted
on osmium-rich regions as well, with an electron probe semi-
convergence angle of 17.8 mrad and a collection angle of 53.4
mrad.
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